Abstract: In a heterodyne receiver, the image can interfere with the desired signal and must be eliminated at the mixing stage. This paper presents a flexible microwave photonic image-reject mixer based on a widely tunable microwave photonic filter (MPF), which is used to select the desired signal and suppress the image. The MPF is realized by using stimulated Brillouin scattering, which offers significant advantages of wideband tunability, high selectivity, and large image rejection. In this work, a theoretical model is established to describe the operation principle of the proposed mixer at first. Then, in the experiment, a 7.8-GHz radio frequency (RF) signal is successfully down-converted to an intermediate frequency signal between 0.2 and 1.5 GHz, with an image rejection of larger than 40 dB. Additionally, when the RF frequency is tuned from 1.8 to 19.8 GHz, the image rejection remains above 40 dB.
Introduction
The microwave mixer, which is used to convert the frequency of the microwave signal, is conventionally achieved by electrical techniques [1] . With the development of photonic techniques, the microwave photonic mixer has attracted great interest for its inherent advantages, such as large bandwidth, high isolation, parallel processing capacity, and immunity to electro-magnetic interference [2] - [4] . So far, several microwave photonic mixers have been proposed and demonstrated. A basic microwave photonic mixer is implemented by using external modulation and heterodyne detection [2] . In order to improve the conversion efficiency, microwave photonic mixers based on optical carrier suppression [5] , cross gain modulation [6] , and cross phase modulation [7] are developed. Additionally, a full-duplex system for downlink and uplink have been reported [8] . However, in practical applications, these microwave photonic mixers cannot reject the interference from the image frequency. The image problem can be described as follows: When the received radio frequency (RF) signals are mixed with the local oscillator (LO) f L O , the desired RF signal at frequency [1] .
To eliminate the image, microwave photonic image-reject mixer is developed [9] - [14] , [16] , [17] . A commonly used configuration for microwave photonic image-reject mixer is Hartley architecture [9] - [14] . As illustrated in Fig. 1 , the received RF signals are split into two paths and mixed with the quadrature LO. Then, the IF signals down-converted from the received RF signals are fed into an electrical 90°hybrid coupler. Fig. 1 (a) and (b) show the electrical spectra at points A and B, respectively. As can be seen, the IF signals down-converted from the desired RF signals are in phase while the IF components down-converted from the images are in antiphase. Therefore, the summed IF outputs are free from the image. The key to Hartley architecture is microwave photonic in-phase/quadrature (I/Q) mixing. In general, an electrical 90°hybrid coupler can be used to generate the quadrature LO [9] or RF [10] inputs. However, an electrical 90°hybrid coupler cannot cover a wide RF frequency range with precise 90°phase difference, which limits the RF frequency range of the image-reject mixer. Recently, it has been suggested to introduce a precise 90°phase difference to I/Q paths by microwave photonic phase shifter, which can be achieved by using a dual-polarization dual-drive Mach-Zehnder modulator (MZM) [11] , a dual-parallel MZM [12] , a polarization modulator together with two polarization controllers (PCs) [13] , or an optical 90°h ybrid coupler [14] . However, if the image rejection across a low RF band is required in [11] - [14] , an optical filter with sharp passband skirts is certainly needed to select the useful optical sidebands. In addition, these microwave photonic image-reject mixers based on Hartley architecture are sensitive to phase and amplitude imbalance [15] . Alternatively, an electrical filter can be used to pre-select the desired RF signal and suppress the image, and an image rejection of better than 60 dB are achieved [16] , [17] . However, the electrical filters used in [16] and [17] are not adjustable, and a two-stage mixing must be adopted to remove the image and convert the desired RF signal to an IF signal.
In this paper, we propose a flexible microwave photonic image-reject mixer based on a microwave photonic filter (MPF), which is realized by using stimulated Brillouin scattering (SBS). Thanks to the advantages of the SBS-based MPF, including continuous wideband tunability, high resolution and high out-of-band rejection [18] - [20] , the image can be exactly and greatly rejected by properly tuning the central frequency of the MPF. The theoretical model of the proposed microwave photonic imagereject mixer is established, and both simulations and experiments are carried out to demonstrate the proposed scheme. In experiment, a 7.8-GHz desired RF signal is successfully down-converted to an IF signal within 0.2 and 1.5 GHz, and the image rejection exceeds 40 dB. The image rejection across a wide RF band of 1.8─19.8 GHz is also demonstrated.
Operation Principle
The operation principle of the proposed microwave photonic image-reject mixer is shown in Fig. 2 . In Fig. 2(a) , a continuous wave (CW) light emitted from a laser diode (LD) is split into two paths via a 50:50 optical coupler (OC). In the upper path, the CW light is first injected into the phase modulator (PM), which is driven by the desired RF signal and the image. For small signal modulation, the electric field at the output of the PM can be approximated as
where f c is the frequency of the CW light, P i n is the optical power injected into the PM, t 1 is the optical insertion loss of the PM, J n ( ) denotes the nth-order Bessel function of the first kind with n = 0 and 1, f RF and m RF = πV RF /V π1 are the frequency and modulation index of the desired RF signal respectively, f I M and m I M = πV I M /V π1 are the frequency and modulation index of the image respectively, V RF and V I M are the amplitudes of the desired RF signal and image respectively, V π1 denotes the half-wave voltage of the PM.
The phase-modulated optical signal is then launched into the MZM1, which is driven by the LO. Considering the components that mainly contribute to the IF output, the electric field at the output of the MZM1 is given by
where t 2 is the insertion loss of the MZM1, θ is the phase shift induced by the dc bias voltage applied 
denote, respectively, the optical carrier, LO sidebands, desired RF signal sidebands, image sidebands, IF sidebands generated by the desired RF signal and LO, and IF sidebands generated by the image and LO, as shown in Fig. 2 
(b).
The phase-and intensity-modulated optical signals are then fed into a high-nonlinear fiber (HNLF) via circulator1 and interact with the counter-propagating pump light generated by applying a pump tone to MZM2 that is biased at its minimum transmission point. The frequency of the pump tone is set to
where ν B is the Brillouin frequency shift of the HNLF. The optical spectrum of the pump light is shown in Fig. 2(c) . Each sideband of the pump light introduces both SBS gain and loss spectra, where the red solid curves represent the amplitude response and the blue solid curves represent the phase shift [19] . Especially, the SBS gain spectrum generated by the +1st-order sideband of the pump light is aligned with the +1st-order sideband of the desired RF signal, and the SBS loss spectrum generated by the −1st-order sideband of the pump light is aligned with the −1st-order sideband of the desired RF signal. The pump induced SBS gain factor g and loss factor α is described as [21] 
where g 0 and B are the line-center gain factor and Brillouin gain bandwidth of the HNLF respectively, f 1 is the frequency deviation from f c + f RF , and f 2 is the frequency deviation from f c − f RF . We assume that the Brillouin gain is not saturated during the SBS process. As the phase-and intensity-modulated optical signals propagate along the HNLF, the +1st-order sidebands of the optical signals are exponentially amplified. Meanwhile, the −1st-order sidebands of the optical signals are exponentially attenuated [21] . After the SBS process, the electric field of the optical signals is given by
where G (f ), A (f ), and ϕ(f ) are expressed as
in which L is the length of the HNLF, and I P is the optical pump power injected into the HNLF. Then, the optical signals shown in Fig. 2 (d) are detected by a photodetector (PD). At the output of the PD, the photocurrent of the IF signal down-converted from the desired RF signal is given by
where ϕ 1 , C 1 , C 2 , and C 3 are expressed as
in which is the PD responsivity. Meanwhile, the photocurrent of the IF signal down-converted from the image is given by
where ϕ 2 , C 4 , C 5 , and C 6 are expressed as
The detected signals are then amplified by an electrical amplifier (EA). Thus, the electrical power of the IF signal down-converted from the desired RF signal is given by and the electrical power of the IF signal down-converted from the image is given by
where G A is the gain of the EA, and Z o is the PD load resistance. According to (19) and (20) , the image rejection ratio (IRR) of the proposed microwave photonic image-reject mixer is written as I RR = 10 × log 10 (P 1 /P 2 ) .
To illustrate the operation principle of the proposed microwave photonic image-reject mixer, we first consider the case when no pump light is injected into the HNLF, i.e., I P = 0. Substituting I P = 0 into (6)─(8), we find that G(f) = 1, A(f) = 1, and ϕ(f) = 0. By substituting these results into (9)─ (13) and (14)─ (18), we can conclude that both i 1 and i 2 are equal to 0. This means that in this case, neither the IF signal down-converted from the desired RF signal nor the IF signal down-converted from the image can be obtained.
Then, we consider the case when the pump light is injected into the HNLF. In this case, the +1st-order sidebands of the phase-modulated optical signal are amplified and the −1st-oredr sidebands are attenuated, and therefore a down-converted signal can be obtained at the PD output [19] . To investigate the down-converted signal power and the corresponding image rejection, simulations based on (19)-(21) are carried out. Parameters adopted for simulations are listed in Table 1 . Additionally, the frequency of the desired RF signal is fixed at 7.8 GHz and the LO frequency is tuned from 7.795 to 6.300 GHz, thus the IF frequency varies from 5 MHz to 1.5 GHz. Fig. 3(a) shows the calculated IF signal power versus the IF frequency when the central SBS gain |G (f RF )| 2 is 25 dB, and the corresponding image rejection is shown in Fig. 3(b) . In Fig. 3(a) , it can be found that when the IF frequency varies from 5 MHz to 1.5 GHz, the IF signal down-converted from the desired RF signal first shows a power decrease and then maintains a power level of about −32 dBm, while the IF signal down-converted from the image suffers a continuous power decrease. Thus, the higher the IF frequency, the larger the image rejection, and an image rejection of larger than 40 dB can be obtained when the IF frequency is higher than 0.2 GHz, as shown in Fig. 3(b) .
In summary, when the pump light is injected into the HNLF and the IF frequency is properly chosen, the +1st-order sideband of the desired RF signal is strongly amplified and the −1st-order sideband suffers a significant loss during the SBS process. Thus, the phase-modulated desired RF signal is converted into an intensity-modulated signal. Meanwhile, the LO and image sidebands are only slightly affected by the SBS, and therefore the LO and image signal remain intensity and phase modulation format, respectively. At the PD output, the desired down-converted signal can be obtained and the down-converted image is eliminated, as shown in Fig. 2(e) . Thus, the desired signal selection and image rejection are realized by using an SBS-based MPF. In the schematic diagram as illustrated in Fig. 2(a) , the configuration without MZM1 acts as such a tunable SBS-based MPF, and the central frequency of the MPF is equal to f P − ν B [19] .
Experimental Results and Discussions
Experiments based on the setup shown in Fig. 4 are carried out to verify the theoretical analysis. A CW light at 1550.096 nm is emitted from a LD (Koheras BasiK E15) with an optical output power of 12.6 dBm. The CW light is split into two paths via a 50:50 optical coupler. In the upper path, the CW light is injected into the PM (EOSPACE, PM-DV5-40) via PC1. The PM is driven by a RF signal that is generated by an arbitrary waveform generator (AWG, Keysight, M8195A). The phase-modulated optical signal is then injected into MZM1 (Fujitsu, FTM7937EZ) via PC2. The dc bias voltage applied to the MZM1 is 7 V, and the LO generated by the AWG is applied to one arm of the MZM1. Then, the phase-and intensity-modulated optical signals are coupled into a 1.20-km HNLF via circulator1 and interact with the pump light. In the lower path, the CW light is launched into the MZM2 (Fujitsu, FTM7938EZ) via PC3. The MZM2 is biased at its minimum transmission point and driven by a pump tone, which is generated by the AWG and amplified by an EA (CENTELLAX, OA4MVM3). At the output of the MZM2, a carrier-suppressed double sideband (CS-DSB) signal is generated. The optical power of the CS-DSB signal is adjusted by the erbium-doped fiber amplifier (EDFA) and variable optical attenuator (VOA). Then, the CS-DSB signal is injected into the HNLF via circulator2 and acts as the pump light. PC4 is used to align the polarization state of the counter-propagating pump light with the forward-propagating optical signals [22] . After the SBS process, the optical signals are detected by a PD (u 2 t, XPDV2120RA) with a bandwidth of 40 GHz. The beating signals are amplified by an EA (SHF, S804 A) and measured by an electrical spectrum analyzer (ESA, Keysight, N9030A).
First, the frequencies of the desired RF and LO signals are set to 7.8 and 7.3 GHz, respectively. Because the Brillouin frequency shift of the HNLF is 9.2 GHz, the frequency of the pump tone is set to 17 GHz. The RF signal power applied to the PM is −7.03 dBm, and the LO power applied to MZM1 is −10.66 dBm. Fig. 5(a) and (b) show the measured optical spectra of the pump light and optical signals respectively, when the optical pump power is 15.2 dBm. As can be observed, in Fig. 5(a) , the optical carrier power is suppressed to −16 dBm, which is 30 dB lower than the ±1st-order sidebands power. In Fig. 5(b) , it can be found that after interacting with the pump light, the +1st-order sidebands of the optical signals are amplified, and the −1st-order sidebands of the optical signals are attenuated. Additionally, it can be observed the SBS noise generated by the −1st-order sideband of the pump light is at a high power level, which indicates that when no electrical signal is applied to the PM, a SBS noise generated by the +1st-order sideband of the pump light still exits at f c + f RF . After photodetection, the SBS noise is down-converted to the IF band, as shown in Fig. 6(a) . Fig. 6(b)─(d) show the measured electrical spectra of the down-converted SBS noise when the optical pump power is 13.4, 15.2, and 17.6 dBm, respectively. It is observed that the down-converted SBS noise power increases quickly as the optical pump power is increased. To reduce the SBS noise, the optical pump power is set to 13.4 dBm in the following experiments.
Once the optical pump power is fixed, the dc bias voltage and LO power applied to MZM1 can be also optimized to maintain high image rejection. To choose an optimum dc bias voltage, the frequencies and power of the microwave signals including the desired RF signal, LO and pump tone remain the same, and the dc bias voltage is tuned from 0 to 10 V. Fig. 7(a) shows the measured image rejection versus the dc bias voltage applied to MZM1, and the corresponding IF signal power is shown in Fig. 7(b) . Inset in Fig. 7(a) shows the measured normalized transmission of the MZM1 versus the bias voltage. It is observed that when the dc bias voltage is 7 V, the image rejection gets its maximal value and the corresponding desired down-converted signal power almost reaches its maximum power level, as shown in Fig. 7(a) and (b) , respectively. Therefore, in the following experiments, the dc bias voltage applied to MZM1 is set to 7 V to achieve both high image rejection and relatively high conversion efficiency (approximately −22 dB).
Then, to determine the LO power applied to MZM1, the frequencies of the microwave signals including the desired RF signal, LO and pump tone still remain the same, while the LO power applied to the MZM1 varies from −17.76 to −5.30 dBm, and the RF power applied to the PM is set to −17.76, −10.64, −6.99, and −5.26 dBm, respectively. Fig. 8(a) shows the measured image rejection with different LO and RF input power, and the corresponding conversion efficiency, which is defined as the ratio of the desired IF output power to the desired RF input power, is shown in Fig. 8(b) . In Fig. 8(a) , an image rejection of larger than 40 dB is achieved when the LO input power is lower than −7 dBm. Additionally, when the RF input power varies from −17.76 to −5.26 dBm, the fluctuation of the image rejection is less than 6 dB. In Fig. 8(b) , it is observed that the conversion efficiency decreases as the RF input power is increased. This is because the pump is depleted when the seed signal (i.e., the +1st-order sideband of the desired RF signal) power is high, which causes Brillouin gain saturation [21] . Additionally, a high LO input power can improve conversion efficiency. In experiment, a high image rejection is the primary consideration, and therefore the LO power applied to MZM1 is set to −10.66 dBm according to the measured results in Fig. 8(a) . Correspondingly, when the LO power is −10.66 dBm and the RF power is −10.64 dBm, the conversion efficiency is −22 dB, which is higher than the result (−30 dB) in [14] .
Next, the image rejection across a wide IF and RF band is experimentally demonstrated. In this part, the RF signal power applied to the PM is set to −7.03 dBm, and the LO power applied to the MZM1 is −10.66 dBm. To verify the image rejection across a wide IF band, the frequency of the desired RF signal is set to 7.8 GHz, and the LO frequency is tuned from 7.79 to 6.30 GHz so that the IF frequency varies from 0.01 to 1.5 GHz. The measured IF signal power versus the IF frequency is shown in Fig. 9(a) , and the corresponding image rejection is shown in Fig. 9(b) . Compared with the simulation results in Fig. 3(a) , the variations of the measured IF signal power in Fig. 9 (a) are basically consistent with the results in Fig. 3(a) , except when the IF frequency is higher than 0.2 GHz, the measured electrical power of the down-converted image fluctuates around −80 dBm instead of keeping decrease like Fig. 3(a) . This is caused by the down-converted SBS noise, which is not considered in the simulation. In Fig. 9(b) , it can be observed that an image rejection of larger than 40 dB is obtained across a wide IF band of 0.2─1.5 GHz. Fig. 9(c) shows the measured electrical spectra of the desired down-converted signal and down-converted image when the LO frequency is 7.3 GHz. As can be seen, the down-converted image is rejected by 56 dB. In addition, the noise in the electrical spectrum of the down-converted image is at a higher power level than the noise in the electrical spectrum of the desired down-converted signal. This is because more optical pump power is converted to SBS noise when the seed signal, i.e., the +1st-order sideband of the desired RF signal, is absent [23] . Then, in order to investigate the image rejection across a wide RF band, the frequency of the desired RF signal is tuned from 1.8 to 19.8 GHz and the LO frequency is tuned from 1.3 to 19.3 GHz, thus the IF frequency is maintained at 0.5 GHz. Correspondingly, the frequency of the pump tone is tuned from 11 to 29 GHz. The measured image rejection across a wide RF band is shown in Fig. 9(d) . It can be observed that the image is rejected by more than 40 dB when the RF frequency varies from 1.8 to 19.8 GHz.
Furthermore, the structure of the proposed mixer is not complicated compared to previously reported mixers based on Hartley architecture [10] - [14] and electrical filter [16] , [17] . For example, in [10] , when the RF frequency is changed, an extra tunable delay line and VOA must be employed and adjusted accordingly to compensate for the phase and amplitude imbalance of the optical/electrical coupler. Otherwise, the image rejection degrades to 28.4 dB [10] . To the best of our knowledge, this is the first demonstration of an MPF-based microwave photonic image-reject mixer, and the achieved image rejection ratio is comparable to some of the previously reported mixers [10] , [14] , for example, about 40 dB in [14] .
